The human papillomavirus type 18 (HPV-18) E7 protein promotes S-phase reentry in postmitotic, differentiated keratinocytes in squamous epithelium to facilitate vegetative viral DNA amplification. To examine the nature and fate of the differentiated cells that reenter S phase, organotypic cultures of primary human keratinocytes transduced with HPV-18 E7 were pulse-chase-pulse-labeled with 3 H-thymidine ( 3 H-TdR) and bromodeoxyuridine (BrdU). The kinetics of the appearance of doubly labeled suprabasal cells demonstrate that E7 expression did not promote prolonged S phase. Rather, there was a considerable lag before a small percentage of the cells reentered another round of S phase. Fluorescence in situ hybridization analysis, indeed, revealed a small fraction of the cells with more than 4n chromosomes in the differentiated strata. Differentiated cells positive for 3 H-TdR, BrdU, or both often had enlarged nuclei or were binucleated. These results suggest that S phase is not followed by cell division, although nuclear division may occur. Interestingly, a significant fraction of differentiated cells that entered S phase subsequently accumulated p27kip1 protein with a kinetics preceding the accumulation of cyclin E. We conclude that E7-transduced, differentiated keratinocytes that enter S phase have two alternative fates: (i) a low percentage of cells undergoes endoreduplication, achieving higher than 4n ploidy, and (ii) a high percentage of cells accumulates the p27kip1, cyclin E, and p21cip1 proteins, resulting in arrest and preventing further S-phase reentry.
Human papillomaviruses (HPVs) cause benign proliferative lesions in cutaneous or mucosal epithelia. Infections by certain virus types, such as HPV type 16 (HPV-16) and HPV-18, can also lead to anogenital cancers. Despite the difference in viral pathogenesis, viral DNA amplification and progeny virion production invariably depend on squamous differentiation and occur only in benign warty growths (7) . Because viral DNA replication requires the host replication machinery, HPVs induce S-phase reentry in a subset of postmitotic, differentiated keratinocytes (5) , which we called unscheduled DNA synthesis. Organotypic cultures of primary human keratinocytes (PHKs) grown at the air-medium interface (abbreviated as raft cultures) resemble closely the native squamous epithelia from which the PHKs were derived (8) . As in native skin, only the basal and parabasal cells maintain the ability to divide, whereas cells above are postmitotic and become progressively differentiated by histological and molecular criteria. In these cultures, expression of the HPV-18 E7 gene from its differentiationdependent promoter located in the upstream regulatory region (URR) recapitulates the unscheduled cellular DNA synthesis observed in benign papillomas caused by the nononcogenic HPV-6 or HPV-11 (5) .
The G 1 -to-S-phase transition during the cell cycle is normally controlled by the retinoblastoma susceptibility protein (pRb), the cyclin-dependent kinases (cdks), and cdk inhibitors. pRb binds to and represses the family of E2F transcription factors. Inactivation of pRb, leading to the activation of E2F factors, is accomplished primarily by cdk4 and cdk6 in complex with type D G 1 cyclins (16) . E2Fs control the transcription of a number of cellular genes necessary for S-phase entry and progression, including DNA polymerase ␣, ribonucleotide reductase, dihydrofolate reductase, thymidine (TdR) kinase, cyclin E, cyclin A, and others (16) . The cyclin E/cdk2 kinase is critical for S-phase entry and the initiation of cellular DNA replication (17, 31) , and the substrates include proteins regulating cell cycle control and proteins related to DNA replication, such as pRb (16) , p27kip1 (35) , CDC7 (26) , E2F-5 (28) , cyclin E (43), subunits of DNA polymerase ␣ (42), and p220 NPAT (25, 45) . The E7 protein bypasses the requirement for type D cyclin/cdks for S-phase entry, as it binds to and inactivates the hypophosphorylated form of pRb and promotes its degradation (2) (3) (4) 21) . HPV-18 E7 mutations that do not bind to pRb are incapable of inducing unscheduled DNA synthesis in epithelial raft cultures (6) . Interestingly, the papillomavirus-encoded DNA helicase E1 and the primary origin recognition protein E2 are substrates of various cdks in vitro (9, 24) . In particular, phosphorylation of E1 by cyclin E/cdk2 is critical for efficient initiation of HPV DNA replication (23) .
The kinase activities of cyclin E/cdk2 and cyclin A/cdk2 are inhibited effectively following association with p21cip1 or p27kip1 (37) . The p21cip1 mRNA is constitutively expressed in several postmitotic differentiated tissues (10, 12, 14, 15, 33, 34) . We have previously shown that the p21cip1 mRNA is upregulated independently of p53 in differentiated keratinocytes in normal skin, in HPV-caused papillomas, in normal PHK raft cultures, and in raft cultures of PHKs transduced with HPV-18 URR-E7. However, the p21cip1 protein is very unstable and undetectable in situ except in a subset of the postmitotic, differentiated cells in papillomas, in low-grade dysplasias, and in HPV-18 URR-E7-transduced raft cultures (18, 34) . Furthermore, high-level p21cip1 protein colocalizes with cyclin E accumulation and vice versa, whereas cyclin E is undetectable in normal skin or raft cultures. The differentiated cells that accumulated unusually high levels of cyclin E or p21cip1 protein were not in S phase. Conversely, differentiated cells that reentered S phase did not accumulate cyclin E or p21cip1 protein (19) .
We have also shown recently by in situ analysis that, unlike p21cip1, p27kip1 protein is stably expressed in many differentiated keratinocytes of the foreskin, of patient papillomas, and of raft cultures in the absence or presence of E7 and that its signal increases with differentiation in the upper strata (30) . However, while all cyclin E-positive cells are positive for p27kip1, as well as p21cip1, only some of the p27kip1-positive cells are positive for cyclin E. Furthermore, none of p27kip1positive cells was in S phase after a brief exposure of the papillomas or E7 raft cultures to BrdU in vitro. We have suggested that the normal differentiation-dependent expression of p27kip1 leads to the accumulation of cyclin E induced by E7 in an inactive complex with cdk2 when the level of the p27kip1 protein is relatively high. The stabilization and accumulation of cyclin E, in turn, prevent the degradation of the p21cip1 protein by establishing an equilibrium between the kinase-inactive complexes cyclin E/cdk2/p21cip1 and cyclin E/cdk2/p27kip1. The absence of active cyclin E/cdk2 then results in failure of S-phase reentry by the differentiated keratinocytes. Conversely, cells that have little or no p27kip1 protein can reenter S phase after E7 inactivates pRb and reactivates S-phase genes, including cyclin E. Cyclin E is subsequently down-regulated upon S-phase entry (36) . Thus, neither p27kip1 nor cyclin E/p21cip1 accumulates in these cells (19, 30) .
Several questions remain concerning the fate of E7-transduced postmitotic cells. In particular, do the postmitotic cells ever exit the E7-induced S phase? Do these cells divide or become polyploid? Do cells in which unscheduled DNA has taken place eventually accumulate p21cip1, p27kip1, and cyclin E, thus preventing further S-phase reentry? Conversely, can E7 overcome the accumulation of cdk inhibitors and reactivate S phase? In this study, we investigated these issues by using several sets of pulse and chase experiments. We also examined chromosome ploidy by fluorescence in situ hybridization (FISH) assay. Collectively, our results show that postmitotic cells expressing HPV-18 E7 have alternative fates. They either reenter S phase or accumulate p27kip1, cyclin E, and p21cip1 proteins and are thus prevented from doing so. Furthermore, cells in which unscheduled DNA synthesis did occur do not appear to divide. Rather, following a considerable lag, a small fraction of these cells endoreduplicate by reentering another round of S phase, whereas the majority become arrested as they accumulate p27kip1, cyclin E, and p21cip1 during differentiation.
MATERIALS AND METHODS

Recombinant retroviruses and antibodies.
Recombinant retroviruses containing vector only or HPV-18 URR-E7 have been described (5, 6) . Antibodies used for immunostaining were purchased as follows: cyclin E (HE-12), Pharmingen, San Diego, Calif.; p21cip1/waf1 (OP-64), Calbiochem, La Jolla, Calif.; p27kip1, Vector, Burlingame, Calif.; bromodeoxyuridine (BrdU), Zymed, South San Francisco, Calif.; goat anti-mouse immunoglobulin G (IgG)-Texas red and BrdU-fluorescein isothiocyanate (FITC), Roche, Indianapolis, Ind.
Epithelial raft cultures. Primary human foreskin keratinocytes were isolated and acutely infected with amphotropic, recombinant retroviruses. After a 2-day selection with G418, the bulk surviving PHKs were used to develop raft cultures that were then fixed in formalin and embedded in paraffin as previously described (32) . Exposure to nucleoside analogues was performed as described previously (22) , with modifications. The schemes are illustrated in each figure, and the nomenclature of each culture is defined in the text. Briefly, for experiments whose results are shown in Fig. 1A , 4A, and 5A, raft cultures were pulse-labeled with 3 H-TdR (Amersham Pharmacia Biotech, Piscataway, N.J.) at 15 Ci/ml (3 M) for 6 h at 6-h intervals, chased for different periods, and then exposed to BrdU at 50 g/ml for the final 6 h immediately before harvest. For the last two experiments described in Fig. 1A , raft cultures were exposed to 3 H-TdR at 7.5 Ci/ml on day 8 for 12 h, chased for different durations, and then exposed to BrdU at 50 g/ml for various lengths of time before harvest. All raft cultures were harvested at the same time on day 10. Media were changed every 6 h in the experiments whose results are described in Fig. 1, 4 , and 5, except for the last two experiments described in Fig. 1A , where the media were changed every 12 h.
Immunohistochemistry and autoradiography. Four-micrometer sections were immunostained with antibodies against BrdU (1:100), cyclin E (1:25), p27kip1 (1:20), and p21cip1 (1:20) as previously described (6); counterstained with hematoxylin; rinsed with water for 30 min; air dried; dipped into Kodak NTB-2 liquid radiographic emulsion; exposed for 7 to 10 days; and finally mounted with Aqua-Mount (Lerner Laboratories, Pittsburgh, Pa.). Images were captured with an Olympus BH2 microscope using a SPOT camera (Diagnostic Instruments) and processed with Adobe Photoshop.
FISH assay. For the FISH assay, 5-m (see Fig. 3A ) or 10-m (see Fig. 3C ) sections of cultures that were initially labeled with BrdU were used. Hybridization with chromosome 17 (D17Z1, FITC conjugated) or chromosome X (DXZ1, cy3 conjugated) pericentromeric probes (Vysis, Downers Grove, Ill.) was performed in accordance with the manufacturer's instructions. The slides for detection of chromosome 17 were subsequently probed with an anti-BrdU antibody (1:100) and a secondary antibody conjugated with Texas red (1:100). The slides for detection of chromosome X were probed with an FITC-conjugated anti-BrdU antibody (1:100) without further signal amplification. Slides were mounted with Vectashield containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Vector) to reveal nuclear DNA. Images were viewed or captured with a single-, double-, or triple-pass filter with a 100ϫ oil immersion objective lens in an Olympus Provix microscope equipped with an Olympus 2000 camera.
Data analysis. Some of the cells in the proliferating lower strata (basal, parabasal, and daughter cells) moved upward in the course of the pulse-chasepulse experiments. In the E7 cultures, only 3 H-or BrdU-positive cells located higher than the positive layers observed in the corresponding control raft cultures were counted in deriving the percentages of doubly positive cells. Positive cells were counted along the entire tissue section with an Olympus BH2 microscope with a 40ϫ objective lens. The percentage was calculated as the number of differentiated cells that were positive for both 3 H-TdR and BrdU, for both 3 H-TdR and cyclin E, or for p27kip1 divided by the total number cells positive for 3 H-TdR (usually 100 or more cells) in the differentiated strata. The X chromosome copy number in BrdU-positive cells in the differentiated strata was determined with a 100ϫ oil immersion objective lens with a dual-pass filter, scanning along the entire length of the raft cultures.
RESULTS
To monitor the dynamics of cellular DNA synthesis or the accumulation of differentiation-dependent p27kip1 or E7-induced cyclin E in differentiated keratinocytes, we designed several pulse-chase-pulse experiments using 3 H-TdR followed by BrdU or, alternatively, BrdU followed by 3 H-TdR, as described for each individual experiment. By using a combination of immunohistochemistry and autoradiography, cells positive for either marker or both markers were counted. In other experiments, the synthesis of keratin 1 or the accumulation of p27kip1, cyclin E, or p21cip1, along with 3 H-TdR incorporation, was counted or visualized. ation of primary keratinocytes in raft cultures. Raft cultures were pulsed, chased, and then pulsed with different analogues as shown in Fig. 1A . Briefly, over a period of 54 h prior to harvest on day 10, raft cultures were pulsed with 3 H-TdR for 6 h, chased for different time intervals ranging from 0 to 42 h in 6-h increments, and then exposed to BrdU for the final 6 h. These cultures were designated Tx/Cy/Bz, where T, B, and C denote exposures to 3 H-TdR and BrdU and the chase between them, respectively, while x, y, and z represent the durations, in hours, of the treatments. For instance, T6/C12/B6 represents a pulse with 3 H-TdR for 6 h, a chase of 12 h, and a 6-h exposure to BrdU for a total of 24 h prior to harvest.
Double labeling does not disturb the growth and differenti-
To ascertain that the exposure to two nucleoside analogues does not cause significant anomalies in cell growth and differentiation at the concentrations used, we examined the distribution of cells positive for these analogues relative to each other and to the squamous differentiation marker keratin 1. In the empty-vector-transduced cultures, keratin 1 was always restricted to the differentiated layers in the presence or absence of exposure to the TdR analogue ( Fig. 1B , right side, data not shown). In cultures with no chase or with a short chase, such as T6/C0/B6 and T6/C6/B6, only basal and parabasal cells were labeled with 3 H-TdR. Some positive cells were also found in the second and third strata in T6/C12/B6, T6/ C18/B6, and T6/C24/B6 cultures. With a longer chase, such as T6/C30/B6, T6/C36/B6, and T6/C42/B6, some 3 H-TdR-positive cells were found in the third or fourth layer from the bottom due to upward movement by some basal cells, parabasal cells, or their daughter cells upon cell division during the chase (Fig.  1C , right side, and data not shown). However, in all cases, the cells positive for BrdU were confined to the basal and parabasal strata, where cellular proliferation takes place under normal conditions (Fig. 1C , right side). These patterns of 3 H-TdR-and BrdU-labeled cells relative to keratin 1 expression demonstrate that exposure to these analogues did not disturb the proliferation and differentiation programs of the keratinocytes. Similar conclusions were reached when the order of exposure to the two TdR analogues was reversed (data not shown).
E7 expression in differentiated keratinocytes does not prolong S phase. In E7-transduced cultures treated in parallel with the vector-only cultures just described ( Fig. 1A , top rows), the pattern of keratin 1 was similar to that in the control cultures ( Fig. 1B , left side). However, cells positive for 3 H-TdR were sporadically distributed throughout all of the strata, including those positive for keratin 1, regardless of the duration of the chase period. Similarly, cells positive for BrdU were also observed in all of the strata (Fig. 1C ). These observations are consistent with the stochastic S-phase reentry induced by E7 in differentiated keratinocytes and also demonstrate that S-phase entry did not disturb keratin 1 expression, in agreement with our previous conclusion based on assays performed on adjacent tissue sections (5) .
We then determined the percentages of 3 two pulses (T6/C0/B6 and T6/C6/B6). We suggest that many, perhaps most, of the doubly labeled cells incorporated these TdR analogues while they were in the same S phase. The percentage of such cells decreased sharply with time when the chase period increased, and only 2.0% of doubly labeled cells were detected in the T6/C18/B6 culture. However, when the chase was lengthened further, there was a small increase in doubly labeled cells, reaching 11.8% in the T6/C30/B6 culture. These observations suggest that most of the E7-transduced differentiated keratinocytes are not in a continuous or prolonged S phase but that there is an approximately 24-h lag between the two S phases. It was not possible to interpret experiments with longer chases because of the migration of 3 H-TdR-positive cells from the lower strata to the mid and upper epithelial strata and the anticipated loss of labeled cells in the superficial layers to cornification.
Extended exposure to BrdU following 3 H-TdR incorporation does not increase doubly labeled cells in differentiated strata. To verify that E7 expression does not trigger a continuous or prolonged S phase in differentiated keratinocytes, raft cultures were pulsed with 3 H-TdR for 12 h, chased for 6 h, and then continuously labeled with BrdU for 36 h until harvesting on day 10 (designated T12/C6/B36) ( Fig. 1A , second row from the bottom). If the E7-transduced cells remained in a prolonged S phase, the great majority of the 3 H-TdR-positive cells should also be BrdU positive. However, only 15.5% of the 3 H-TdRpositive cells were also positive for BrdU. This value decreased to 5.9% in T12/C24/B18, as indicated in Fig. 1A, bottom row. Therefore, about 9.6% of the 3 H-TdR-positive cells exited the S phase during an 18-h period. These results support the conclusion that E7-transduced, differentiated cells are not maintained in a continuous or prolonged S phase.
E7 induces binucleated cells in differentiated strata. Pathognomonic features of benign papillomas and condylomas include the presence of cells with an increased nucleus-to-cytoplasm ratio, as well as binucleated cells. We believe that these phenotypes can be attributed to unscheduled DNA synthesis by differentiated cells in the absence of cytokinesis. We note that, in our raft cultures, many of the differentiated cells positive for BrdU or 3 H-TdR appeared to have an enlarged nucleus or were binucleated (Fig. 2) . In contrast, no such cells were observed in the control cultures (data not shown). However, because the tissues were sectioned through the nuclei at different planes, the sizes of nuclei vary so that we cannot estimate accurately the fraction of cells with an enlarged nucleus. But 4 to 11% of the cells positive for 3 H-TdR or BrdU in the differentiated strata of E7-transduced cultures were binucleated. Some binucleated cells did not incorporate either nucleoside, because their S phase did not overlap with the exposure to either TdR analogue ( Fig. 2a ). Relatively few doubly positive, binucleated cells were observed, but one example is shown in Fig. 2b . This frequency is low probably because only a low percentage of the differentiated cells were doubly labeled ( Fig. 1A) and only a small fraction of these underwent nuclear division. Occasionally, there appeared to be trinucleated cells in the differentiated strata ( Fig. 2c ) (with the caveat that a portion of the cells was undoubtedly cut away in the 4-m section). In the example shown in Fig. 2c , all three nuclei were positive for 3 H-TdR. The existence of enlarged nuclei or binucleated cells is consistent with the occurrence of endoreduplication.
Polyploidy is detected in E7-transduced raft cultures. As an alternative approach to investigate of whether E7 induces endoreduplication in differentiated keratinocytes or, alternatively, S phase is followed by cytokinesis, we performed FISH assays on 5-or 10-m raft culture sections by using pericentromeric probes of chromosome 17 or X. For these experiments, we used a set of cultures that were initially pulsed for 6 h with BrdU, chased, and then exposed to 3 H-TdR again for 6 h before harvest (a labeling order that is the reverse of that depicted in Fig. 1A , top rows). Since 3 H-TdR incorporation is not relevant in these FISH experiments, it will not be further discussed. The reason for choosing this set of cultures was to perform doubled immunofluorescence assays on cells that had ample time to arrive at their fate, whatever it might be.
Five-micrometer sections of E7-transduced cultures harvested 6 h (B6/C0/T6), 42 h (B6/C36/T6), or 48 h (B6/C42/T6) after the BrdU pulse were hybridized with X chromosome probes and then reacted with anti-BrdU antibody (Fig. 3A) . For each sample, about 200 BrdU-positive nuclei in the differentiated layers were examined for the number of FISH signals along the entire section. One signal dot was expected if the X chromosome had not yet replicated, while two or more dots were anticipated if it had replicated once or more than once without cytokinesis. However, 40 to 60% of the cells in the upper layers (above the third or fourth layer from the basal layer in B6/C36/T6 and B6/C42/T6 and above the second layer from the basal cells in B6/C0/T6) had no X chromosome signal, indicating a detection efficiency of no better than approximately 50%. This low efficiency of detection was, at least in part, attributable to the loss of a portion of the nucleus (10 m or larger in diameter) in the 5-m sections. Nevertheless about 40% of the cells had one signal dot and 2.1 to 4.7% had two or three dots (Fig. 3B) , consistent with the presence of polyploid We then probed 10-m sections from the B6/C36/T6 culture with a pericentromeric probe of chromosome 17. In the vectortransduced cultures, no nucleus in the differentiated strata contained more than two chromosome 17 dots. In the E7transduced cultures, the majority of the differentiated cells contained two chromosome 17 dots. Some had three dots, and a few had as many as six dots (Fig. 3C ). However, we were not able to conduct statistical analysis of the data from these experiments because it was not possible to determine the number of signals through the focal planes of the thick tissue sections along their entire length without quenching the signals. Nevertheless, these observations are consistent with our interpretation that E7 induces endoreduplication in a small fraction of the differentiated cells.
Delayed accumulation of cyclin E and p21cip1 after unscheduled DNA synthesis in E7-transduced raft cultures. The above-described experiments indicated that only a small fraction of the postmitotic differentiated cells endoreduplicate to generate more than 4n ploidy, while the majority of the cells either did not enter S phase or did so only once. What might be the reasons? We have previously shown that active unscheduled cellular DNA synthesis takes place only in differentiated cells that do not accumulate abnormally high levels of a kinaseinactive cyclin E/cdk2/p21cip1 or cyclin E/cdk2/p27kip1 complex (18, 19, 30) . It is then conceivable that the majority of cells that have entered S phase subsequently accumulate high levels of the cyclin E and p21cip1 proteins, which would inhibit further rounds of S-phase reentry. To test this hypothesis, we studied the kinetics of cyclin E accumulation in cells that had at least one E7-induced S phase, as determined by the incorporation of 3 H-TdR, in the raft cultures described in Fig. 1A (also shown in Fig. 4A) .
Cyclin E was detected only in the E7-transduced cultures and not in the control culture. In the T6/C0/B6, T6/C6/B6, T6/C12/B6, T6/C18/B6, and T6/C24/B6 cultures, cyclin E was found only in differentiated cells that were negative for 3 H-TdR (data not shown), in agreement with our previous report (19) . Colocalization of 3 H-TdR and cyclin E began in the T6/C30/B6 culture and reached a maximum of 36.2% in the T6/C36/B6 culture ( Fig. 4A and B) . These data are also summarized in Fig. 5A . As expected from the colocalization of cyclin E and p21cip1 (19) , 3 H-TdR and p21cip1 colocalization was also observed in T6/C30/B6, T6/C36/B6, and T6/C42/B6 cultures but not in cultures with shorter chases (Fig. 4C; data not shown). These observations demonstrate that abnormally high levels of cyclin E and p21cip1 indeed accumulate in cells that have previously experienced unscheduled DNA synthesis, but detectable accumulation occurred only after a time lag of at least 30 to 36 h.
Accumulation of p27kip1 precedes that of cyclin E following E7-induced unscheduled DNA synthesis. We then investigated whether p27kip1 accumulates in 3 H-TdR-positive cells in the differentiated strata and whether this accumulation precedes that of cyclin E and p21cip1, as we previously proposed (30) . Tissue sections from cultures described in Fig. 4A were used. In agreement with our previous observation, in normal control raft cultures, p27kip1 was detected in many postmitotic, differentiated cells but not in 3 H-TdR-positive cells in the basal and parabasal strata (Fig. 4D, right side) . The results obtained with E7 cultures are summarized in Fig. 5A . Six or 12 h after FIG. 3. HPV-18 E7 induces endoreduplication in differentiated keratinocytes. Fluorescent images were taken from the differentiated strata in E7-transduced cultures. The labeling scheme is similar to that depicted in Fig 1A (top rows) , except that the order of exposure to TdR analogues was reversed. FISH for panels A and B was conducted with cy3-conjugated, pericentromeric probes specific for the X chromosome (red), while BrdU was revealed with an FITC-conjugated anti-BrdU antibody (green) and nuclei were revealed with DAPI (in blue) in a 5-m section. (A) B6/C42/T6 culture images were captured with a triple-pass filter (left) or with dual filters for the X chromosome and BrdU (middle) or for the X chromosome and the nucleus (right). Also note that the boxed nucleus is significantly larger than the nuclei of surrounding cells. (B) Percentages of differentiated cells containing 0, 1, or 2 or more X chromosome copies in BrdU-positive cells were scored in three E7-transduced cultures, B6/C42/T6, B6/C36/T6, and B6/C0/T6. (C) A FISH assay was conducted with fluorescein-conjugated pericentromeric probes of chromosome 17. Examples of six dots in a BrdU-negative nucleus from the B6/C36/T6 culture are shown. Weaker signal dots were not in focus because they were situated at different focal planes than the strong-signal dots. Arrowheads point to the pericentromeric signals. the termination of 3 H-TdR exposure, fewer than 5% of 3 H-TdR-positive, differentiated keratinocytes were also positive for p27kip1. Colocalization was dramatically increased with longer chases, 24.6% in T6/C12/B6 cells and up to 61.2% in T6/C42/B6 cells ( Fig. 4A and D, left side) . Thus, accumulation of p27kip1 preceded that of cyclin E (Fig. 4A and B and 5A) and p21cip1 ( Fig. 4C and data not shown) in cells that had previously experienced unscheduled DNA synthesis. These results are consistent with our hypothesis that stabilization and accumulation of the cyclin E and p21cip1 proteins are second- FIG. 4 . Delayed accumulation of abundant p27kip1, cyclin E, and p21cip1 proteins in HPV-18 URR-E7-transduced, differentiated keratinocytes that have reentered S phase prevents further rounds of S phase. The cultures were those described in Fig. 1A (top) , except that BrdU was not assayed in these experiments. Sections were immunostained for the protein of interest (in red) and then autoradiographed to reveal 3 ary to inhibition of S-phase entry by the stable, endogenous p27kip1 protein (30) . Prolonged BrdU exposure does not significantly increase the fractions of S-phase cells in the differentiated strata. Our experiments described so far did not directly address the fate of cells that accumulated high concentrations of p27kip1, p21cip1, and cyclin E. Could they reenter S phase, or are they arrested permanently? We used a different strategy to probe this issue. We exposed cultures to BrdU continuously for the last 96 h before harvest on day 10 and stained them with an FITC-conjugated anti-BrdU antibody. Our reasoning was the following. The majority of the cells in the differentiated strata are usually positive for p27kip1 or additionally for cyclin E/p21cip1 in E7-expressing cultures (18, 19, 30) (Fig. 4B) . Had E7 been able to overcome the inhibitory effect of one or both cdk inhibitor proteins within the 96-h period and reenter S phase as reported in cycling cells (13, 20) , we would have expected a substantial increase in the percentage of BrdUpositive cells in the differentiated strata. However, the pattern of BrdU incorporation remained heterogeneous in suprabasal nuclei in different regions along the entire length of the tissue section, ranging from a few percent to 30% (Fig. 4E) , not significantly different from the results seen with a shorter duration of BrdU exposure ( Fig. 1 and 2) . In the control culture, a few spinous cells were also positive for BrdU due to upward movement of differentiated cells. In contrast, in the control and E7-transduced cultures, the majority of the basal and parabasal cells were positive for BrdU, as expected of cycling basal and parabasal cells (Fig. 4E ). These observations are consistent with the interpretation that, within the time frame of this experiment, high levels of p27kip, p21cip1, and cyclin E in differentiated cells effectively prevent S-phase entry. This conclusion agrees with our observation that the level of p27kip1 protein does not decrease in E7-transduced raft cultures relative to that in control cultures (30) , as one might have expected had E7 overcome the inhibitory effect of p27kip1 by activating cyclin E/cdk2, which would have then phosphorylated p27kip1, leading to its degradation (35) .
DISCUSSION
Expression of E7 in differentiated keratinocytes promotes S-phase entry in only a subset of cells, while a separate subset accumulates high levels of the p27kip1, cyclin E, and p21cip1 proteins. Similarly, most of the differentiated cells containing high copy numbers of HPV DNA in papillomas or condylomas usually do not have abundant cyclin E or p21cip1, suggesting that the high levels of cyclin E/p21cip1 inhibit the amplification of both host and viral DNAs (18, 19, 30) . In this study, we investigated the fate of E7-transduced PHKs during squamous differentiation by following the kinetics of S-phase reentry by using sequential exposure to 3 H-TdR and BrdU, as well as the kinetics of cyclin E and p27kip1 accumulation in 3 H-TdRpositive differentiated cells (Fig. 5A ). Our results indicate that E7 does not increase the duration of or prevent exit from S phase. In fact, two consecutive E7-induced S phases were separated by about 18 to 24 h (Fig. 1A) . Furthermore, after exiting the first S phase induced by E7, the postmitotic, differentiated cells had one of two alternative fates: the majority stayed tetraploid because of arrest by the abundant p27kip1, cyclin E, and p21cip1 proteins that subsequently accumulated, whereas the minority endoreduplicated by reentering another round of S phase.
Several pieces of evidence led to the above conclusions. First, pulse-chase-pulse experiments demonstrated that a small fraction of the differentiated cells that were positive for 3 H-TdR later became positive for BrdU, indicating more than one round of S-phase reentry (Fig. 1A) . Second, chromosome ploidy studies showed that, in the differentiated strata, a low percentage of individual nuclei had up to six copies of chromosome 17 and two or more copies of X chromosomes, consistent with two or more rounds of S-phase reentry without cytokinesis (Fig. 3) . Third, compared to those of control cultures, nuclei in some of the differentiated cells were enlarged. An enlarged nucleus is expected from a DNA content higher than 2n. Moreover, among the differentiated cells positive for either nucleoside analogue, 4 to 11% were multinucleated, indicating polyploidy and nuclear division without cytokinesis (Fig. 2) . In vivo, both binucleated cells and an increase in the nucleus-to-cytoplasm ratio are pathognomonic changes for HPV-induced benign papillomas and condylomas (27) . Lastly, a high percentage of 3 H-TdR positive cells in the differentiated strata eventually accumulated high levels of p27kip1, followed by cyclin E and p21cip1 ( Fig. 4 and 5A) .
The normal G 2 /M transition is regulated by cyclin A/cdc2 and cyclin B/cdc2. Polyploidy naturally occurs in maize endosperm, Drosophila salivary glands, and mammalian trophoblasts and megakaryocytes and is accompanied by a reduction in cyclin B/cdc2 activity (11) . However, the mechanism leading to endoreduplication is not well understood. Recent studies showed that pRb-deficient proliferating cells undergo endoreduplication when there is an elevated level of p21cip1 or p27kip1 (1, 29, 40) . Similarly, E7 abrogation of the mitoticspindle checkpoint leading to polyploidy has been attributed to the elimination of the pRb function and up-regulation of the p21cip1 protein (41) . The conditions under which E7 induces endoreduplication in differentiated keratinocytes have both of the above features, as these cells are phenotypically pRb deficient while constitutively expressing p21cip1. Moreover, as the cells differentiate, p27kip1 is stably made and may also play an important role in promoting this outcome.
We noted that the percentage of polyploid cells, as detected by FISH, is low compared with that of cells doubly positive for 3 H-TdR and BrdU. There are several possible explanations for the inefficient detection of target chromosomes. First, portions of nuclei are invariably sectioned off in the 5-or 10-m sections used, especially when the nuclei are enlarged due to a higher DNA content. A second reason is that the FISH assay measures DNA content per DAPI-stained nucleus. However, up to 11% of differentiated cells positive for either nucleoside analogue are multinucleated. This population of polyploid cells was counted as diploid in the FISH assay. It is also possible that the particular chromosomes did not replicate to completion by the time of harvest. As the centromere is the last region of a chromosome to be duplicated, incomplete replication would then result in signals that underestimate the true DNA content when pericentromeric probes are used. Similar low detection efficiencies of polyploidy have been reported in patient specimens and in raft cultures transduced with HPV-18 E7 or HPV-18 genome DNA using probes for other chromosomes (38, 39) . The highly keratinized raft cultures prevented efficient recovery of individual cells after enzymatic digestion and consequently we were unable to quantify accurately the percentages of cells with 4n or higher ploidy by fluorescenceactivated cell sorter analysis.
Most keratinocytes stably express the p27kip1 protein as they differentiate, regardless of the presence or the absence of E7. In p27kip1-positive cells in E7-transduced raft cultures and in patient papillomas, unscheduled DNA synthesis does not occur (30) . The observation that postmitotic cells that had reentered S phase subsequently accumulated p27kip1 and cyclin E (Fig. 5A) suggests that the amount of E7 protein in individual cells is not the only determinant of cell fate. Rather, what matters is the amount of p27kip1, which increases during differentiation. Furthermore, the observation that p27kip1 accumulation precedes that of cyclin E supports our previous hypothesis that the normal differentiation-dependent p27kip1 accumulation leads, in the presence of E7, to the accumulation of kinase-inactive cyclin E/cdk2, which, in turn, stabilizes the otherwise unstable p21cip1 protein. Taken together, these observations strongly suggest that E7-induced unscheduled DNA synthesis is arrested by high levels of the p27kip1 and p21cip1 proteins (30) .
In HPV-induced papillomas, condylomas, and low-grade dysplasia, some koilocytes, which may contain high numbers of HPV DNA copies, were also found to be positive for cyclin E (38) or p21cip1 (44) . However, our experiments with raft cultures or patient specimens clearly demonstrate that cells with active DNA replication at the time of tissue fixation did not simultaneously have detectable levels of cyclin E, p21cip1, or p27kip1 protein (19, 30) . Our kinetic studies have now provided a probable interpretation of these seemingly contradictory observations. We suggest that, in patient specimens, viral DNA amplification preceded the accumulation of cyclin E or p21cip1 protein.
On the basis of this study and our previous observations in vivo and in vitro (18, 19, 30, 34) , we propose that postmitotic, differentiated keratinocytes that express HPV-18 E7 face alternative fates (Fig. 5B ): to enter S phase and become tetraploid with one or two nuclei or to accumulate high levels of p27kip1 and, with time, cyclin E/p21cip1 as well. The latter population of cells is arrested for a minimum of several days, if not for the remaining lifetime of the cells. Cells that have successfully entered S phase follow, after a long lag, either of the same two alternative paths again (Fig. 5B ). As the fractions of cells that accumulate p27kip1, or additionally cyclin E and p21cip1, are greater than that of cells in S phase at any time, this attrition process then significantly limits the percentage of cells capable of supporting cellular and viral DNA replication. We propose that these virus-host interactions not only serve as a natural host defense but are also beneficial to virus persistence. They allow sustained but low-level virus shedding with minimal pathological consequences in typical benign and productive infections.
